• Surfactants as dyeing auxiliaries play an important role in achieving fast and leveled dyeing • Surfactant mechanism of action as a leveling agent depends on its chemical composition • Nonionic surfactants reduce the chemical potential and substantivity of dyes in the solution • Anionic surfactants act as retardation agents bonding to the sites of fiber onto which dye ions bond • Surfactant concentration is optimized so that the dying process is efficient and economical
amide material. The dyeing rate of polyamide varies and depends on the number of amino groups and sub-molecular structure of the fiber and that is why the so-called kinetic classification of PA fibers is done. Uneven distribution of amino groups in the fiber, rapid adsorption of dye due to low glass transition temperature and reduced fiber crystallinity under the dyeing conditions, as well as varying degrees of dye sulfonation in the dye solution, often lead to uneven dyeing of the polyamide, described as the stripe mark effect [1, 2] . The causes of the stripe mark effect can be of chemical and physical nature. The chemical cause of stripe mark effect is a different number of end amino groups, due to different lengths of polyamide polymer chains. If the chains are shorter there are more amino groups and vice versa. There are several physical causes and one of the most significant is a different crystallinity degree in fiber areas due to the non-uniform stretching of fibers.
Leveled and reproductive dyeing of polyamide products can be obtained by slowing down the dye adsorption on fiber, which can be achieved by adjusting the pH and temperature and by adding leveling agents. Also, the thermostabilization has an impact on the dyeing rate and color intensity of the fiber. Acid dyes for polyamide fibers are fixed by ionic bonds and van der Waals interactions where the pH of the solution plays an important role, which is why the selection of the acid donor for pH control appeared in a number of substantial papers [3] [4] [5] [6] [7] . Instead of the mostly used ammonium sulfate, the use of hydrolyzing organic esters is suggested for higher utilization of acid dyes.
Surfactants in a dyeing bath have various purposes: they facilitate the wetting of textile material, act as dispersants and leveling agents. Investigation of dye-surfactant interactions in an aqueous solution at surfactant concentrations below and above critical micelle concentration (CMC), indicated the formation of complexes with stoichiometric ratios of 1 to 1 below surfactant CMC [8, 9] and above this, complexes with higher stoichiometric ratios are formed. The dye-surfactant complexes may arise between dyes and surfactants, having opposite charge, and between micelles of nonionic surfactants and anionic dyes. The most important factors that influence complex formation are the type and the structure of the surfactant, especially the length of the hydrophobic chain and dye molecular mass. Depending on the molar ratio of dye/surfactant it can be water soluble or insoluble. The higher molar ratio of the dye/surfactant complex, the more water solubility is observed but dye utilization is lower, due to the increased affinity of the dye to the aqueous phase [10] .
Thermostabilization treatment can reduce or increase the adsorption of anionic dyes on polyamide by changing the supramolecular structure of the fiber and by chemical changes [11, 12] . If the thermostabilization is done with hot air, the volume fraction of amorphous areas and end amino group concentration is reduced, causing reduced adsorption of anionic dyes on the polyamide. If the thermostabilization is done with water vapor or hot water, the number of amino groups is not reduced and molecular mobility, due to humidity, increases the accessibility of amorphous areas, causing increased adsorption of anionic dyes on polyamide.
The objective of this work is the study of dyeing of polyamide knitting in the presence of surfactants of various chemical compositions, in order to determine the influence of surfactant chemical structure and concentration on the dyeing rate of polyamide.
EXPERIMENTAL

Materials and methods
In the experiment, the dyeing of the samples of polyamide knitting (PA6), having a surface mass of 172 g/m 2 , was performed. The samples had dimensions of 15 cm×15 cm. Before dyeing the knittings were washed in a solution of nonionic agent (0.5 g/dm 3 ) at 45 °C for 30 min with 1:30 bath liquor ratio. After washing, the samples were rinsed several times with distilled water and dried at room temperature.
For the dyeing of polyamide the following acid dyes were used: C.I. Acid Red 114 (M r = 830.81) and C.I. Acid Blue 324 (M r = 473.43, Figure 1 ). The used dyes were of technical quality. The dyeing of samples Surfactant concentrations in the dyeing bath were: 0.5, 1 and 3 g/dm 3 . Table 1 shows the designations of the samples.
Analysis
Reflection curves of the dyed samples were obtained with a reflection spectrophotometer Spectraflash SF600X (Datacolor, USA). The color differences, including the total color difference ΔE* ab according to CIELab system, were determined. Based on the reflection value (R) at the wavelength of maximum color absorption, the color intensity for each sample (K/S) was determined using the Kubelka--Munk equation:
where K is the absorption coefficient, S is the scattering coefficient and R is the reflectance factor (0 ≤ ≤ R ≤ 1).
The total color difference is calculated from Eq. (2):
where ΔL*, Δa* and Δb* are differences between corresponding parameters of samples (p) and standards (s). The standards are specimens dyed with the acid dye solution without the addition of surfactant and the samples are specimens dyed with the acid dye solution with the addition of surfactants. The wavelength of maximum absorption of C.I. Acid Red 114 is 530 nm and of C.I. Acid Blue 324 is 620 nm.
Relative dye exhaustion (I) was determined by measuring the absorbance of the dyeing solution before dyeing (A o ) and after a certain period of time (A t ), using Eq. (3) 
Based on the relative exhaustion and maximum amount of dye on the fiber (15 mg/g), the quantity of dye after a certain period of time was determined.
The dyeing solution absorbance was measured on an MA 9507 colorimeter (Iskra, Slovenia) after 5, 10, 15, 20, 30, 45 and 60 min, using the green filter for red color and the yellow filter for blue color. The samples were dyed for 240 min to reach the equilibrium state.
For each dyeing system dye substantivity (K) was determined, which is a measure of the ability of the dye to move from the solution to the fiber. Substantivity was determined using Eq. (4) [13] :
where %E is dye exhaustion in % at equilibrium and L the dyeing bath liquor ratio. The leveling of the dyeing was calculated by measuring K/S values on 20 random points at the maximum absorption wavelength, λ, and using Eqs.
(5) and (6) [14, 15] :
where σ(λ) is the standard deviation of each random Tables 2 and 3 show color differences between the sample dyed without surfactant addition and the samples dyed with the addition of surfactants.
All test samples dyed with C.I. Acid Red 114 with the addition of FN-10 ( Table 2 ) have higher lightness (+ΔL*) and lower chromaticity (-ΔC* ab ) values. The color differences in all color coordinates increase proportionally with increased surfactant concentration in the dyeing bath.
When using the nonionic agent Slovaton CR, a significant difference in color of the dyed test samples is obvious, compared to the standard sample. The observed color differences have a similar trend as with FN-10, i.e., the samples have higher lightness (+ΔL*) and lower chromaticity (-ΔC* ab ) compared to the standard, when the concentration of Slovaton CR in the dyeing bath is higher. The total color difference (ΔE* ab ) is higher with FN-10, meaning that this non--ionic surfactant has greater influence on the dyeing of PA knittings with C.I. Acid Red 114 compared to Slovaton CR. The greatest effect on the dyeing of polyamide with the acid dye C.I. Acid Red 114 has the anionic agent Alviron P69. The differences in lightness (ΔL*), chromaticity (ΔC* ab ) and the total color difference (ΔE* ab ) are several times higher than with non-ionic agents.
On the samples dyed with C.I. Acid Blue 324 (Table 3 ), significant differences were observed in the attributes of test samples compared to the standard. Color differences regarding lightness (ΔL*), chromaticity (ΔC* ab ) and total color difference (ΔE* ab ) have the same trend as with C.I. Acid Red 114, i.e. test samples are brighter (+ΔL*), greener (-Δa*) and bluer (-Δb*). The total color difference (ΔE* ab ) increases with the concentration of the leveling agent in the dyeing bath. The highest total difference was observed on the samples dyed with the addition of anionic agent Alviron P96, but the differences were significantly lower in comparison with C.I. Acid Red 114.
Kinetics of dyeing Figure 2 shows the adsorption rates of C.I. Acid Red 114 on polyamide knitting in the first 60 min of dyeing. The highest dye concentration on the knitting was achieved after 60 min of dyeing at 70 °C on the sample dyed without the presence of the surfactant in the technological dyeing solution (9.9 mg/g). In the presence of the nonionic surfactant FN-10, dye concentration was reduced proportionally to the surfactant quantity in the dyeing solution. After 60 min of dyeing the dye concentration on the knitting was several times lower compared with the standard sample. The non-ionic surfactant Slovaton CR shows a significant retarding effect on acid dye adsorption, already at minimum concentration. By further increase of surfactant concentration, the concentration of dye present on the knitting changed minimally. It can be seen that FN-10 has a stronger effect on adsorption of C.I. Acid Red 114 on the knitted samples than Slovaton CR. In systems with the anionic surfactant Alviron P96 the dyeing process was dramatically slowed down in such a way that at surfactant concentration of 3 g/dm 3 , only a minimum amount of dye was present on the knitting after 60 min of dyeing.
Also, the dyeing with C.I. Acid Blue 324 showed the highest adsorption degree with the dyeing systems without surfactants (9.7 mg/g, Figure 3 ). The used surfactants affect the retardation of polyamide dyeing kinetics, but this effect is lesser than with C.I. Acid Red 114. Figure 4 shows the color strength of C.I. Acid Red 114 on PA knitting after 60 min of dyeing. The highest strength has the standard sample due to the highest dye exhaustion. The samples dyed in the solution with the addition of surfactants had lower color strength and it decreased progressively with the increase of surfactant concentration. Extremely low values of color strength of C.I. Acid Red 114 were recorded with the addition of the anionic agent Alviron P96.
Also, C.I. Acid Blue 324 color intensities on the samples dyed in baths containing surfactants were regularly lower than on the standard. The reduction of intensity was higher at higher concentrations of the agent and the highest was with the anionic agent ( Figure 5 ). By analyzing dyeing kinetics of used acid dyes, it can be seen that all surfactants used in the experiment have a stronger influence on the retarding effect in polyamide dyeing with the dye of greater molecular mass -C.I. Acid Red 114.
Reduced adsorption of acid dyes on polyamide knitting in the presence of nonionic surfactants can be explained by the changed state of acid dyes in the solution. Nonionic surfactants in an aqueous solution interact with anionic dyes, making associates based on hydrophilic and hydrophobic interactions, which was confirmed by different methods of UV-Vis spectral photometry, surface tension measurement and cloud point determination [16] [17] [18] [19] . Interactions between non-ionic surfactants and ionic dyes occur at surfactant concentrations higher than CMC. Interactions between dye ions and single molecules of nonionic surfactants are negligible [20] . Non-ionic surfactants affect the textile dyeing mechanism by reducing the dye chemical potential in the solution. These agents effectively reduce the concentration of the mono-mole- cular/soluble form of the dye in the solution, which can only penetrate the fiber structure. For the formation of the complex between the anionic dye and the micelle, nonionic surfactant hydrophobic interactions are responsible to a greater extent and interaction strength is increased with increased surfactant hydrophilicity and dye hydrophobicity [21] . In this work, the int- eractions of acid dyes with micelles of non-ionic surfactant were studied by measuring the cloud point of FN-10 at surfactant concentration (1.5×10 -3 mol/dm 3 ) which is much above CMC (0.75×10 -4 mol/dm 3 ). The higher the cloud point, the stronger is the anionic dye nonionic/micelle of surfactant interaction [22] . The FN-10 cloud point regularly increases with increasing concentration of acid dyes ( Figure 6 ). As it can be seen from the graph, the dye with the greater molecular mass, C.I. Acid Red 114, has more intense associations with the micellar nonionic surfactant, based on hydrophobic attraction. Anionic dye/micelle of non-ionic surfactant associates created in the dye- ing process behave as dye depots, since the population of individual dye ions is adsorbed on the fiber first and afterwards the associates decompose, enabling further increase of dye utilization. This slower way of dye adsorption from the solution to the fiber allows for better dye distribution and produces dyeing with higher leveling, confirmed by leveling results shown in Table 4 , where lower values of standard deviation σ(λ)
were obtained for the samples dyed in the presence of surfactants than for the samples dyed without surfactants. The same table shows color fastness to washing, which has a value of 4-5, and it can be considered that the dyeing in the presence of surfactants does not affect the color fastness of acid dyes on polyamide knitting. Anionic surfactant Alviron P96 showed the greatest effect in reducing acid dye bonding rate to polyamide, which is consistent with literature results [23] . Anionic leveling agents behave like colorless dyes, i.e., they have substantivity to fiber and occupy cationic groups on the fiber in competition with dyes. As the anionic surfactant bonds faster to the substrate site for which the dye has affinity, too, the differences in color intensities due to the stripe mark effect on polyamide are reduced, which is in accordance with the results for leveling (Table 4) . Anionic surfactants have a leveling effect only when they bond to the substrate before the dyes. In that case, they slow down dye exhaustion, increase dye migration and reduce the final exhaustion. In the dyeing process with temperature increase, adsorption of ionic surfactants is reduced and ions of anionic surfactant are pushed out from the active sites of polyamide fibers and replaced with dye anions, which contributes to leveled and reproductive dyeing of polyamide knitting. Table 4 shows the values of dye substantivity without and in the presence of surfactants. Substantivity indicates how much a dye would prefer to transit from the dyeing bath onto the substrate. The higher substantivity, the dye would faster transit to the fiber. Dyeing systems without surfactants have the highest substantivity, because the highest values of equilibrium exhaustion are achieved. The addition of any surfactant reduces acid dye substantivity, because with nonionic surfactants, the number of dye ions actively participating in dyeing is reduced, due to dye--surfactant association, i.e., the chemical potential of the dye in the solution is reduced, but anionic surfactant systems block fiber active sites, slowing down dye adsorption and diffusion to the fiber.
CONCLUSIONS
The addition of nonionic surfactants with concentration higher than CMC to the aqueous solution of acid dyes affects the state of acid dyes in such a manner that, due to hydrophobic attraction between dye ions and micelles of nonionic surfactant, acid dye-micelle of non-ionic surfactant hydrophilic complexes, with limited stability, are created. Solvated associates behave as dye depots which slowly release individual dye ions, so that adsorption on the surface of polyamide knitting takes place more slowly and more leveled dyeing is achieved proportionally to the surfactant concentration in the dyeing bath. According to experimental results, the dye of greater molecular mass, C.I. Acid Red 114, has more intense associations with micelles of non-ionic surfactants which reduces chemical potential and substantivity to a greater extent compared to C.I. Acid Blue 324. It can be concluded that the selected concentration region of nonionic surfactant can be successfully applied in practical dyeing to achieve leveled dyeing of polyamide knitting.
The anionic surfactant acts as a retarding agent, which temporarily occupies, by ionic bond, protonated amino groups of polyamides to which ions of acid dyes also bond. During dyeing, the dye anions push out surfactant anions and slowly become adsorbed to the polyamide knitting, producing higher leveling.
NEBOJŠA N. RISTIĆ IVICA R. DODIĆ IVANKA P. RISTIĆ Visoka tehnološko umetnička strukovna škola, Leskovac, Srbija NAUČNI RAD UTICAJ STRUKTURE TENZIDA NA BOJENJE POLIAMIDNE PLETENINE KISELIM BOJAMA U ovom radu je proučavan uticaj nejonogenih i anjonskog tenzida na kinetiku bojenja poliamid 6 pletenine. Uticaj tenzida na proces bojenja prikazan je određivanjem kinetičkih i termodinamičkih parametara bojenja. Nejonogeni tenzidi stvaraju labilne polidisperzne asocijate koji smanjuju koncentarciju monojonskog oblika boje u rastvoru, zbog čega je proces bojenja usporen a obojenje ima veću ravnomernost. Interakcije su potvrđene merenjem tačke zamućenja nejonogenog tenzida, jače su kod hidrofobnije boje i dovedene su u vezu sa rezultatima kinetike bojenja. Anjonski tenzid kao retardaciono sredstvo koje ispoljava ponašanje bezbojne boje u proučavanom sistemu bojenja ima značajan učinak već pri koncentracijama od 0,5 i 1 g/dm 3 , što upućuje na zaključak da predhodnim probama treba optimizovati koncentraciju tenzida u kupatilu za bojenje tako da proces bude efikasan a iskorišćenost boje velika.
Ključne reči: poliamid, kisele boje, tenzid, kinetika bojenja, egalizacioni efekat, supatantivnost boje.
